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NCER Assistance Agreement Annual Progress Report for Grant 
#83582401 - Assessment of Stormwater Harvesting via Manage Aquifer 
Recharge (MAR) to Develop New Water Supplies in the Arid West: The 
Salt Lake Valley Example 
 
The goals of the original proposed project remain the same, that is, to test the hypothesis that 
Managed Aquifer Recharge (MAR) for stormwater harvesting is a technically feasible, socially and 
environmentally acceptable, economically viable, and legally feasible option for developing new 
water supplies for arid Western urban ecosystems experiencing increasing population, and climate 
change pressures on existing water resources. The project is being carried out via three distinct but 
integrated components that include: 1) Monitoring of existing distributed MAR harvesting schemes 
involving a growing number of demonstration Green Infrastructure (GI) test sites; 2) Integrated 
stormwater/vadose zone/groundwater/ ecosystem services modeling; and 3) Social Science 
research assessing stakeholder attitudes, and solicitation of their collaboration, through a 
Stakeholder Advisory Committee (SAC), on feasible distributed MAR scenario development and 
subsequent analysis of scenario outcomes. Progress made on each of these components during Year 
of the project are discussed separately in the material presented below. 
 
A. Project Summary 
A. 1. MAR/GI system monitoring. Monitoring of components within the GI  research network on 
the Utah State University campus continued during Year 3 of the study to include a parking lot 
bioswale system collecting and infiltrating runoff from an approximately 1 acre parking area 
adjacent to an Early Education Building; sampling wells below a previously monitored dry well 
system treating roof drainage from a large College of Engineering classroom building with a 
membrane roof; and a green roof system installed on an Early Education Building. Sampling was 
continued at the Green Meadow field demonstration site during a field study evaluating the impact 
of plant species and days between storm events (Antecedent Dry Days) during the Summer of 
2018. Sampling was also carried out during Year 3 at the curb cut/bioswale site located at 300 East 
in Logan, Utah, to provide additional monitoring of metal contaminants moving through the 
treatment area. Finally, a limited number of runoff samples were also collected from a metal roof 
and photovoltaic roof system during Year 3 to provide additional source data from various surfaces 
that could commonly be encountered by GI systems in the study area. Raw data from these various 
sites are located in Appendix A. 
 
The curb cut/bioswale GI system located in Logan, Utah, on 300 East along the block between 900 
North and 1000 North is shown in Figure 1, along with suction cup lysimeter samplers (Prenart 
Equipment ApS, Denmark) that continued to be sampled during Year 3 of the study. The Prenart 
samplers are ideal for soil pore water sampling for metals due to minimal adsorption of Cu, Pb and 
Zn during sample collection of high iron content pore water, compared to conventional soil cup 
lysimeters initially placed at the site. Roadway runoff as well as ponded and percolating 
stormwater from the 300 East site have been monitored during six storm events occurring between 




a.                             b.   
Figure 1. Curb cut and bioswale GI stormwater treatment system, 300 N Site, Logan, UT. a. Site 
view looking North along roadway. b. Prenart suction cup lysimeters used for improved pore water 
sampling of metals under prevailing soil pore water conditions. 
 
 
A second site, the Green Meadows Site, a 27-acre subdivision in the southwest corner of Logan, 
City, is the location of a field demonstration site used to evaluate the effectiveness of various 
vegetation types and ADDs on the uptake of nutrients and metals from residential stormwater in 
vegetated bioretention stormwater management systems. Figure 2 shows vegetation growing at this 
site during the 2017-2018 growing season field study. Previous findings indicated that sedges 
provide optimal uptake and recovery potential for both nutrients (N and P) and metals from 
stormwater, compared to sunflower and cattail species used at the field demonstration site. 
Extensive data were collected from this site during Year 3 of the project as presented in Appendix 
A, from triplicate treatment plots planted as follows: unplanted, Cattail (Typha latifolia); Sunflower 
(Helianthes maximilliana); Sedge (Carex microptera); Baltic rush (Juncus balticus); and mixed 
Wild rye grass (quack grass) (Elymus repens) and bunch grass (Festuca idahoensis). A total of 48 
Prenart suction cup pore water samplers were installed throughout the treatment bays at Green 
Meadows during the third year of the project to allow comparison of pollutant removal 
performance as a function of vegetation type across this field site compared to turf located at the 
300 East site. 
 
 
                   
Figure 2. Vegetated treatment bays at the Green Meadows Field Stormwater Management 




A limited number of runoff samples were collected again during Year 3 of the study from various 
roofs across the USU campus. These samples continue to be collected to quantify the potential 
pollutant loading generated from these impervious surfaces throughout the USU campus and across 
much of the arid southwest, that are often directed into shallow or deep dry wells without 
additional treatment. The roof types that were monitored included conventional composite 
membrane coated roofs, standard metal roofs, and solar panel covered roofs. The membrane roof 
system is collected and conveyed to a dry well. Two sump wells (4 ft depth and 6 ft depth) were 
installed in this dry well (Figure 3) to allow monitoring of pollutant levels as this roof runoff moves 
through the dry well system. The raw data from nine rainfall events for these roof surfaces and 
conveyance piping and sump wells for the membrane roof collected during Year 3 of the project 




Figure 3. Monitoring system for membrane roof drain and dry well sampling, Engineering 
Building, USU Campus. 
 
Sampling during several storms in Year 3 also occurred at a vegetated parking strip at the Early 
Education building (Figure 4) instrumented to collect parking area runoff samples and sump well 
samples 4 ft and 6 ft below the parking strip surface, as well as a planter (Figure 5) adjacent to the 
Distance Education LEED Silver building on the USU campus. The later planter system was taken 
out of service and was not replanted till Fall 2018, so the limited sample collected during Year 3 of 
the study from this site represents infiltrating water from an unplanted plot. One additional field 
site location at the Early Education building was established during Year 3 of the study to collect 
pore water samples from a green roof located there in response to five storm events (Figure 6). 
Data from these sites are also included in Appendix A. 
 
A. 2. Integrated systems modeling. In order to evaluate the potential of large-scale implementation 
of MAR/GI techniques on groundwater resource availability and subsequent impacts to surface 
water ecosystem services, an integrated modeling approach is underway using the Red Butte 
watershed and hydraulically connected down-gradient water resources in Salt Lake Valley as a case 
study area. This study area is familiar to a number of the members of the project team through their  
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Figure 4. Vegetated filter strip and monitoring system installed in the parking lot adjacent to the 
Early Education building, USU Campus. 
 
 
Figure 5. Unplanted planter box, and sump wells installed in planter box prior to Fall 2018 
replanting, adjacent to the Distance Education Building, USU Campus. 
 
 




affiliation with the recently completed iUTAH NSF program, and this watershed has a robust set of 
continuous water quality and flow data that have been collected through the iUTAH GAMUT data 
collection network that are readily available by the project team to use in model calibration and 
validation. 
 
This project aims to quantify the effects of LID and GI stormwater management options upon 
surface and groundwater resources and water quality for different climate and GI implementation 
scenarios. This requires adequate understanding of current water flows and volume balances. To 
allow the broadest use of project results several free computer simulation models are being linked 
as indicated in Figure 7. For accuracy during each simulation, a cyclical convergence process is 
used to ensure that the three-dimensional boundary flows of each hydraulically linked model (here 
termed a module) are equivalent during each simulation. For example, the flow from Module A to 
Module B is equal and opposite in sign to an otherwise identical flow from Module B to Module A. 
Employed linked models (simulators) simulate: precipitation-runoff-deep percolation; surface 
water flow and quality; vadose zone flow and water quality; and groundwater flow and water 
quality. Surface water-groundwater seepage is a sample flow that should be cyclically determined 
for accuracy. Other flows that must be consistent between modules are runoff to surface water, 
infiltration, and deep percolation groundwater recharge. 
 
 
Figure 7. Employed simulation model components of the integrated simulation modeling approach 
for the Red Butte watershed area, Salt Lake Valley, Utah. 
 
 
Precipitation-runoff models include HEC-HMS (USACE, 2016.) and WinSLAMM (PV and 
Associates, 2014). WinSLAMM (PV and Associates. 2014) software is being used to model 
baseline runoff and water quality conditions, and changes in runoff volume and quality as a result 
of MAR/GI implementation within the modeled catchments. Literature review (Pitt and Voorhees, 
2004) and model evaluation suggest that that WinSLAMM can adequately perform this function. 
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WinSLAMM has an effective user interface that facilitated calibration for the Red Butte area, and 
promoted subsequent use for prediction of the effectiveness of various levels of MAR/GI 
implementation on runoff and pollutant load reductions.  
 
Although emphasizing the Red Butte Watershed, Figure 8 also shows portions of the Salt Lake 
Valley (SLV) MODFLOW groundwater flow simulation model finite difference grid (Lambert, 
1995). Each displayed square cell is about 1/3 mile by 1/3 mile in size. Figure 8 shows sub-
watersheds addressed using the HEC-HMS model that simulates precipitation, runoff, infiltration, 
and deep percolation. Progress in simulating relevant water flows made during Year 3 of the 
project is described in the Results section below. 
 
Various parties (e.g., iUtah, USGS, and Jordan River-Farmington Bay Water Quality Council) 
continue to collect water quantity and quality data in the Salt Lake Valley. Data sources for surface 
water quality constituents of interest for ecosystem services modeling in the Jordan River and Red 
Butte Creek have been located and have been used for various model calibration and validation 
efforts as described in the Results section below. These data include flow, stream temperature, 
specific conductance, turbidity, nitrogen, phosphorous, dissolved oxygen, fluorescent dissolved 
organic matter (fDOM), and chlorophyll, and are used for ecosystem services metrics as indicated 




Figure 8. MODFLOW grid for the Red Butte Watershed and adjacent sub-watersheds. 
 
 
A. 3. Social science research. Year 3 work involved two more waves of data collection: (i) 
implementation of an online survey with municipal stormwater staff from all MS4 regulated 
municipalities in the state, and (iii) household interviews in neighborhoods where different 
configurations of green stormwater infrastructure have been installed. 
 
The online survey was successful; responses from 72% of all municipalities (and 41% of all 
individuals who were invited to respond) were received.  Results helped confirm most of the  
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Table 1. Ecosystem Services, Metrics, and Constituents that are being Quantified with Green 
Infrastructure Surface Water Quality Model Alternatives 
Ecosystem Service Metric (Units) Constituents 
Increased Summer Baseflow Duration of Low Flow Conditions (days) Streamflow 
Flood Attenuation 
Flood Magnitude (m3/s), Duration 
(minutes), Rate of Change of Slope 
of Hydrograph 
Streamflow 
Water Purification Pollutant Concentration (mg/L), Conductivity (S/m) 
Specific Conductance, 
Turbidity, Nutrients 




Maximum Weekly Average 
Temperature (°C) & Maximum 




Habitat Suitability Curves and 
Conditions for Bonneville Cutthroat 





patterns that had been observed in the key informant interviews in 2017, but also provided better 
estimates of the frequency with which different forms of stormwater GI are used across the state. 
 
The household interviews were conducted in Summer 2018 in six neighborhoods located across 
three Utah cities. Face-to-face interviews were conducted with 49 households and information 
about their awareness of stormwater systems in their neighborhood, and their impressions of the 
effectiveness and impacts of these systems on their quality of life was collected.  The data are 
currently being analyzed and will be included in a paper that summarizes the social and 
institutional acceptability issues that mediate use of stormwater GI in Utah. 
 
Analysis of the interview data from Year 2 was continued and the results of the combined survey 
and interview data were presented in June at the 2018 International Symposium for Society and 
Resource Management (ISSRM). 
 
Two more Stakeholder Advisory Committee (SAC) meetings were held during Year 3 of the 
project, one in October 2017 in conjunction with a statewide American Public Works Association 
meeting, and another virtual meeting was held using videoconference software in April 2018. The 
October meeting updated the SAC about progress across all aspects of the GI system sampling as 
well as the coupled modeling effort, and solicited specific advice about features that the integrated 
model ‘decision-tool’ should include to be of use to municipal stormwater managers in Utah. The 
April 2018 meeting allowed the research team to share examples of the types of analyses/scenarios 
that could be run using the preliminary coupled modeling system. This second SAC meeting also 
enabled project course-corrections about design features associated with the component models.  
Highlights of results from the online survey were also shared with the SAC at this April meeting 
 
B. Key Personnel 
All Key Personnel at USU remain associated with the funded project. One change in Key 
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Personnel that has been discussed with the EPA Project Officer is the move in August 2016, from 
USU to the Ohio State University by Dr. Douglas Jackson-Smith. Although he relocated to Ohio 
State University, Dr. Jackson-Smith, the Co-PI responsible for the Social Science aspects of the 
funded work, retained Affiliate Faculty status at USU. Dr. Jackson-Smith remains involved in all 
aspects of the project and participates in regular project meetings by videoconference technology. 
Dr. Jackson-Smith employed two undergraduate Research Assistants in the Summer of 2018. In 
addition, Dr. Jackson-Smith’s Utah fieldwork during Summer 2018 was supported by four graduate 
students from both Utah State University and the University of Utah. 
 
C. Expenditures to Date 
Based on the original timeline proposed for the project, approximately 82% of the project tasks are 
complete compared to the originally planned 100% project completion by the end of Year 3 of the 
project. The social science component of the project, Component 3, has progressed at an 
accelerated pace compared to the originally proposed timeline, while the ecosystem services and 
integrated modeling activities have been slightly delayed. A revised timeline for all proposed 
project activities was developed as part of a no-cost extension request that was requested on July 
13, 2018, and granted by EPA to extend the project end date to August 31, 2019. This revised 
timeline approved as part of this no-cost extension is shown in Figure 9, and based on this revised 
timeline, the project is on schedule to complete all planned activities by the revised project end 
date. Expenditures through the end of Year 3 of the project period were at 83% of funds originally 
requested through the end of the original project period, and is in line with tasks completed and 
tasks remaining based on the revised timeline (Figure 9). No costs have been significantly higher or 
lower than expected nor are there any subawards under this grant. 
 
Spending on Component 3, Social Science, activities during Year 3 continues to reflect a shift of 
funds from faculty summer salary to travel to facilitate Dr. Jackson-Smith’s travel back to Utah to 
complete fieldwork and engage with the SAC and project team members during Years 3 and 4 of 
the project as per the narrative submitted to the EPA Project Officer as part of the no-cost extension 
request. 
 
D. Quality Assurance 
 
D. 1. MAR/GI system monitoring. Standard analytical procedures, as indicated in the original 
project proposal, are being used for all samples collected in this project. Standard sample handling, 
labeling, chain of custody, and sample log in procedures are being utilized for all samples collected 
as part of this project. Sample holding times are verified. Control charts are being maintained and 
reviewed for all analyses conducted in the study. All other QC samples, i.e., CCVs, blanks, 
replicate samples, etc., have passed QC checks for all data reported in Appendix A. Examples of 
typical control charts are provided in Appendix B. Through weekly project laboratory meetings, 
issues related to QA/QC are discussed with students and technicians, and corrective action is taken 
as necessary. Corrective action includes retraining, and intervention by the project QA/QC Officer, 
Joan McLean. 
 
D. 2. Integrated systems modeling. The iUTAH EPSCoR project that began in 2013 established a 
water quality monitoring network throughout the Red Butte watershed, the GAMUT network, and 
continues to collect data at their Red Butte Creek watershed sites. The USGS and iUTAH EPSCoR 
routinely quality control these continuously collected data and annotate QC issues that arise. The 
iUTAH EPSCoR data quality coordinator (Dave Eriksson), continues to be employed to support 
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Figure 9. Revised timeline reflecting project tasks completed through Year 3, along with the 
proposed timeline for tasks yet to be completed as proposed in the approved no-cost extension 
request through August 31, 2019. 
 
 
the Red Butte GAMUT network to address data quality issues associated with the network’s data 
streams that being used in this project for model calibration and verification. Data used for 
WinSLAMM calibration and validation efforts in the Logan River watershed during Years 2 and 3 
of the project period were generated through the Environmental Quality Laboratory at the Utah 
Water Research Laboratory, the same lab utilized for primary data generation in this project. All 
laboratory QA/QC procedures described above for MAR/GI system monitoring above were used 
for data sets that were utilized in WinSLAMM modeling activities. 
 
For various model calibration and validation activities, a variety of model evaluation statistics are 
being used to confirm model simulation adequacy. These include standard regression coefficient of 
determination (R2), dimensionless statistics, and error indices. For the dimensionless statistics, the 
Nash-Sutcliffe Efficiency (NSE) is being used. This statistic determines the amount of residual 
variance compared to the variance of the measured data. Two error indices techniques are used: the 
percent bias (PBIAS) and the Root Mean Square Error, RMSE-observations standard deviation 
ratio (RSR). PBIAS is a measure of the tendency of simulated data to be greater or smaller than 
observed values. A PBIAS of 0.0 indicates no bias, positive values indicate underestimation and 
negative values indicate overestimation of measured data by the model (Moriasi, et al., 2007). The 
RSR is an error index which standardizes RMSE to the standard deviation of the observations. This 
normalization is done so that the statistic can be used with multiple constituents of widely varying 
concentration. 
 
For precipitation-runoff the Red Butte Creek HEC-HMS model achieved NSE values of 0.77 for 
calibration and 0.88 for validation. For imputing values of missing data, minimizing the RMSE was 
used to assure reasonable accuracy of generated values. For groundwater model calibration and 
validation input parameters are optimized by minimizing the RMSE. Water quality calibration is 
focused on nutrients as these are the variables for which green infrastructure data are available. 
Task	(Responsible	PI)
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Model evaluation thresholds to quantify model fit have been established by Moriasi et al. (2007, 
2015). The WinSLAMM and ecosystem services models will be deemed satisfactory if R2 is > 
0.65, the NSE > 0.5, PBIAS ≤ ± 20%, and the RSR ≤ 0.5 for nitrogen and phosphorus species. The 
statistics for the additional modeled water quality constituents will also be reported. 
 
D.3. Social science research. Sampling of respondents for the online survey proceeded along the 
lines outlined in the proposal and QA/QC plan using representative stormwater Program Managers 
and Public Works Directors based on the state’s MS4 permit contact list, supplemented by an 
exhaustive review of municipal websites to obtain updated information about key stormwater 
management personnel. The survey generated a strong response. Survey invitations were sent to 
164 people from 68 MS4 regulated municipalities. Responses were from 49 of the 68 
municipalities (72% response rate for cities), and from 67 of the 164 individuals (41% response 
rate). It should be noted that many individuals wrote to decline the invitation because another 
individual from their city had already completed a survey. 
 
Fieldwork in three Utah municipalities also used scientifically valid sampling approaches. 
Neighborhoods in these municipalities were identified where some type of stormwater green 
infrastructure had been in place for at least a year. All households along a set of randomly 
selected streets in these neighborhoods were then approached to participate in a short face-to-face 
interview at their doors.  Across the six neighborhoods, 106 total households were approached 
and a total of 49 useable responses were received.  The contact rate was 60% (e.g., 64 of the 106 
houses had adults at home) and 76.6% of those adults contacted agreed to participate (49 of 64).   
 
To ensure scientific integrity and protection of research subjects, all social science research 
methods were reviewed and approved by both the USU Institutional Review Board and the EPA 




E. 1. MAR/GI system monitoring. A major objective of Year 3, Component 1 activities was to 
complete efforts to quantify stormwater pollutant concentrations generated in the Intermountain 
West from a variety of land use categories. To that end, stormwater quality samples from 
pavements in residential areas and parking lots (300 E, and Early Childhood Education Building 
sites), and roof drains, continued to be collected and analyzed for various rainfall events occurring 
during Year 3 of the project. Raw data for these sites are included in Appendix A. Table 2 shows 
summary data for pavement runoff pollutant concentrations from the 300 East and the Early 
Childhood Education sites in Logan, Utah. Both sites are associated primarily with drainage from 
pavement surfaces, with the Early Education site exclusively used for day time parking of facility 
personnel, while the 300 East site is a side road in a residential area adjacent to lawn and 
landscaped single family lots of 1/4-acre size. As indicated in Table 2, there is a wide range of 
pollutant concentrations when data from a range of rainfall events are combined. As indicated in 
the planned activities for Year 4, disaggregation of these data will be carried out to evaluate 
relationships between pollutant concentrations and rainfall event return periods. Based on 
overlapping 95% Confidence Intervals, Year 3 sampling showed differences between sites for only 
for TP and Pb (higher at the 300 E site).  
 
Pollutant generation from various roof materials is summarized in Table 3 (raw data in Appendix 
A), and includes a commercial membrane roof on the Engineering building, runoff from a PV  
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Table 2. Stormwater Runoff Pollutant Concentrations from the 300 East site and Early Education 
Building, Logan, and Salt Lake Public Utilities GI Monitoring Sites, Collected during Year 2 of the 
Project* 
   300 East, Logan Early Childhood 
Education Parking Area 





TN mg/L 0.12 4.16 2.55 24 1.0 0.3 5 
TDN mg/L 0.123 2.08 1.22 28 2.6 1.55 8 
TP mg/L 0.035 0.96 0.45 24 0.18 0.12 5 
TDP mg/L 0.017 0.40 0.46 24 0.20 0.10 8 
NO3-N mg/L 0.03 0.34 0.15 28 0.93 0.97 8 
NH3-N mg/L 0.017 1.19 0.78 28 1.38 1.64 8 
DOC mg/L 0.80 9.5 1.5 4 NA NA NA 
EC µS/cm NA 141 50.8 28 152 39.4 8 
pH Units NA 7.4 0.11 28 7.6 0.12 8 
TSS mg/L 0.67 NA NA NA NA NA NA 
VSS mg/L 0.67 NA NA NA NA NA NA 
Al µg/L 4.0 53.4 13.8 28 111 166 8 
Cr µg/L 0.05 2.58 2.18 28 2.2 1.3 8 
Fe µg/L 7.0 42.3 12.8 28 528 911 8 
Ni µg/L 0.40 3.1 1.1 28 5.4 2.4 8 
Cu µg/L 0.80 10.3 6.07 28 9.2 3.8 8 
Zn µg/L 2.5 42.6 23.2 28 35.8 17.5 8 
As µg/L 0.20 0.61 0.26 28 0.79 0.45 8 
Cd µg/L 0.15 0.11 0.06 28 0.56 0.96 8 
Pb µg/L 0.35 0.32 0.12 28 0.18 0.00 8 
* Note, these results were generated by assigning <MDL values from Appendix A a value of ½ the 
posted MDL for a given analyte. NA indicates no value is available due to limited data for that 
parameter. 
 
array, runoff from an associated metal roof, and pore water samples from the bottom of a Green 
Roof. Only one additional sample was collected during Year 3 of the project from the metal and 
PV roofs, and additional sampling is planned for Year 4 of the project to expand the data set for 
these roofing materials. Based on the available data set and comparison of overlapping confidence 
interval values, Figure 10 indicates that lead concentrations in drainage from the membrane roofs 
are particularly high, as were the measured aluminum concentrations confirming previous findings 
that suggest release of these metals from the drainage piping associated with the Engineering 
Building. Runoff from the Green Roof was similar to that of the other surfaces, but generated lower 
TDN, TP, NH3-N, Al, Cr, Cu, Cd, and Pb runoff than did the Membrane Roof system. 
 
The curb cut bioswale MAR/GI system at 300 East in Logan were sampled with the newly installed 
Prenart lysimeters six times during Year 3 of the project to provide estimates of metal removal 
through this GI system based on bioswale input (bay ponding and pavement runoff samples, 
Appendix A) versus measured 12 and 20-inch lysimeter concentration data shown in Figure 11. 
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Table 3. Pollutant Concentrations from Various Roof Samples Collected throughout USU Campus 
during Year 3 of the Project* 
   Membrane Roof, ENGR 
Building 
Photovoltaic Roof Metal Roof Green Roof 
Analyte Units MDL Average 95% 
CI 
n Average 95% 
CI 
n Average 95% CI n Average 95% 
CI 
n 
TN mg/L 0.12 2.6 0.96 35 0.62 NA 1 0.62 NA 1 1.7 0.52 9 
TDN mg/L 0.123 3.0 0.91 49 0.97 NA 1 0.59 NA 1 1.6 0.38 6 
TP mg/L 0.035 0.44 0.71 35 0.02 NA 1 0.07 NA 1 0.2 0.06 9 
TDP mg/L 0.017 0.06 0.03 49 0.01 NA 1 0.01 NA 1 0.1 0.03 6 
NO3-N mg/L 0.03 0.93 0.33 50 0.19 NA 1 0.11 NA 1 0.4 0.61 21 
NH3-N mg/L 0.017 2.4 0.69 50 0.55 NA 1 0.32 NA 1 0.2 0.07 21 
DOC mg/L 0.80 35.0 23.5 28 NA NA 1 NA NA 1 17.9 4.4 17 
EC µS/cm NA 97.9 26.7 50 15.5 NA 1 26.6 NA 1 358 58.0 24 
pH Units NA 7.0 0.17 50 6.7 NA 1 7.7 NA 1 8.1 0.08 24 
TSS mg/L 0.67 NA NA NA NA NA NA NA NA NA NA NA NA 
VSS mg/L 0.67 NA NA NA NA NA NA NA NA NA NA NA NA 
Al µg/L 4.0 486 355 50 36.3 NA 1 24.2 NA 1 32.0 14.4 14 
Cr µg/L 0.05 0.39 0.09 50 4.1 NA 1 0.75 NA 1 0.20 0.06 13 
Fe µg/L 7.0 42.1 17.1 50 35.7 NA 1 24.9 NA 1 8.2 3.9 15 
Ni µg/L 0.40 3.4 1.2 50 1.9 NA 1 6.5 NA 1 5.1 6.7 15 
Cu µg/L 0.80 30.1 11.3 50 2.9 NA 1 5.3 NA 1 4.3 1.7 15 
Zn µg/L 2.5 20.7 7.6 50 19.2 NA 1 14.3 NA 1 117 49.8 15 
As µg/L 0.20 0.43 0.08 50 0.10 NA 1 0.10 NA 1 2.8 1.5 15 
Cd µg/L 0.15 0.11 0.04 35 0.08 NA 1 0.08 NA 1 0.08 0.00 15 
Pb µg/L 0.35 1.6 1.00 49 0.54 NA 1 0.18 NA 1 0.19 0.03 15 
* Note, these results were generated by assigning <MDL values from Appendix A a value of ½ the 
posted MDL for a given analyte. Values tagged as ELH in Appendix A were assigned the stated 
value to allow as estimate of mean concentrations for a given analyte. NA indicates no value is 
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Figure 11. Pollutant removal efficiency through the 300 East bioswale GI system, Logan, Utah. 
Data collected during Year 3 of the project using Prenart lysimeters at 12-inch and 20-inch depth. 
 
 
As was indicated in previous sampling events from Years 1 and 2, although for fewer pollutants in 
Year 3, concentrations actually increased from the pavement runoff values to a 12- or 20-inch 
depth in the soil below the 300E site. The pollutants released from the bioswale system to soil pore 
water measured in Year 3 included EC, Zn, As, and Pb. Figure 11 indicates 41 and 76% removal of 
NO3-N and TN, respectively, and 26 to 76% removal of the metals Al, Cr, Ni, and Cu. 
Phosphorous removal was 52 to 67% at this site as measured at the 20-inch lysimeter depth. Once 
again significant increases in EC and mobilization of arsenic (>300% increase from bay influent As 
concentrations) are evident below this bioretention area, although the pore water arsenic 
concentration (2.9 µg/L) is significantly below its drinking water standard of 10 µg/L. Monitoring 
of this bioswale system, along with the monitoring of the parking strip bioswale at USU’s Early 
Education building, the demonstration bioretention site as Green Meadows in Logan, and a test 
bioretention system constructed at the University of Utah, will continue through Year 4 of the 
project to specifically focus on overall pollutant removal from these systems with varying 
vegetative cover, as well as arsenic mobilization, and to identify baseline soil conditions (total 
arsenic, labile arsenic, etc.) that might significantly contribute to arsenic release potential in 
MAR/GI stormwater management systems in Utah. 
 
Sampling was continued during Year 3 to quantify pollutant removal through a dry well used to 
infiltrate roof drainage from the Engineering Building, as well as to evaluate pollutant removal 
through the vegetated parking strip at the Early Childhood Education Building on the USU campus. 
Figure 12 presents pollutant removal results for the Engineering Building Dry Well based on roof 
































Figure 12. Pollutant removal efficiency through a dry well at the Engineering Building on USU 
Campus, based on roof drain and 6-ft deep sump well samples collected during Year 3. 
 
 
below the gravel dry well from seven rainfall events. Significant removal of some nutrients and 
metals were observed through this GI system despite no pre-treatment of roof drainage prior to 
infiltration in the dry well. Unlike during Year 2 sampling, however, release of TDN, NO3-N, Cr, 
Fe, As, and Cd were evident from the Dry Well during Year 3 of the study. The concentration of 
As below the Dry Well, although increasing, remains very low at 0.6 µg/L, as is the case with both 
Cr and Cd, whose concentrations remain below 1 µg/L. This change in pollutant removal 
performance from Year 2 to Year 3 is of concern and this system will continue to be monitoring 
during the Spring of 2019. 
 
Pollutant removal efficiency data for the vegetated parking strip at the Early Childhood Education 
Building are summarized in Figure 13. These data, collected during three rainfall events, indicate a 
generally increasing pollutant concentration (although not as extreme compared to Year 2 results) 
with depth for all nutrients except for TP and NH3-N, and the metals Al, Fe, Zn, Cd and Pb. As has 
been seen for most infiltration-based GI systems in this study, nutrient and metal mobilization 
occurs in Northern Utah soils, and this increased pollutant loading to shallow groundwater, 
although resulting in low pollutant concentrations, is essential to capture as input to the integrated 
modeling activities taking place in parallel to the MAR/GI system monitoring effort. 
 
As indicated in Appendix A, a number of analyses on samples from the GM demonstration site 
related to plant, ADD, and pollutant loading impacts on bioretention system performance are 
awaiting completion and are indicated in Appendix A as TBA, To Be Analyzed. Preliminary 
analyses of those results that are complete have been carried out and are discussed below. Once all 
sample analyses are completed a full summary of findings will be provided in the final report for 
the project.  
 
Preliminary findings of the GM field study completed in the Fall 2018 have confirmed that plants 
facilitated the removal of NH4-N, Cu and Zn from pore water at the GM site. All plants tested were 
more effective at removing NH4-N from pore water than the unplanted plots, with carex/bulrush, 















































Figure 13. Pollutant removal efficiency via a vegetated parking strip at the Early Childhood 
Education Building, USU Campus, based on Year 3 sampling of gutter flow and 4-ft and 6-ft deep 




Figure 14. Lysimeter NH4-N concentrations in 6-inch to 9-inch lysimeters as a function of plant 
type from samples collected during Year 3 at the GM field demonstration site. Letters indicate 
significant differences based on ANOVA results of replicate measurements. 
 
 
pore water than the unplanted plots but all other tested plants were equally effective in reducing Cu 
concentration in the pore water (Figure 15). Only the carex/bulrush mix removed more Zn from the 














































































































Figure 15. Lysimeter Cu concentrations in 6-inch to 9-inch lysimeters as a function of plant type 
from samples collected during Year 3 at the GM field demonstration site. Letters indicate 




Figure 16. Lysimeter Zn concentrations in 6-inch to 9-inch lysimeters as a function of plant type 
from samples collected during Year 3 at the GM field demonstration site. Letters indicate 
significant differences based on ANOVA results of replicate measurements. 
 
 
Although As is not a constituent of stormwater, conditions within bioretention systems appear to be 
conducive to the solubilization of native As bearing minerals. Northern Utah, and other areas 
within the basin and range western US have elevated concentrations of As in geological material. 
These As minerals can be stable, but altering wetting and drying conditions leading to reducing and 
oxidizing conditions and to cyclic microbial  activity can facilitate release of As to the pore water. 














































































































Figure 17. Lysimeter As concentrations in 6-inch to 9-inch lysimeters as a function of plant type 
from samples collected during Year 3 at the GM field demonstration site. Letters indicate 
significant differences based on ANOVA results of replicate measurements. 
 
 
type, in particular sunflowers, sedge, and mixed grasses, influenced the extent of dissolution, 
displaying pore water concentrations as high as 528 µg/L during these field experiments. With 
primary drinking water limits at 10 µg/L, these elevated pore water concentrations below 
bioretention systems are of concern (Table 4), and further analyses of these results in the context of 
groundwater contamination potential, will be carried out during Year 4 of the study. 
 
 
Table 4. Select Pollutant Concentrations from Various Groundwater Samples Collected below the 
GM field site during Year 3 of the Project* 
   Groundwater Concentrations 
from the GM Field 
Demonstration Site 
Analyte Units MDL Average 95% CI n 
Al µg/L 4.0 TBA NA NA 
Cr µg/L 0.05 0.07 0.01 197 
Fe µg/L 7.0 94.4 85.3 197 
Ni µg/L 0.40 7.3 2.4 197 
Cu µg/L 0.80 1.6 0.39 197 
Zn µg/L 2.5 11.6 3.4 197 
As µg/L 0.20 36.5 10.5 197 
Cd µg/L 0.15 TBA NA NA 
Pb µg/L 0.35 0.08 0.05 197 
* Note, these results were generated by assigning <MDL values from Appendix A a value of ½ the 
posted MDL for a given analyte. TBA indicates analyte to be determined, NA indicates no value is 
available due to limited data for that parameter. 
 
 
E. 2. Integrated systems modeling. Precipitation-runoff-infiltration modeling progress. A new 
method for imputing missing weather values was developed that is successful even if all three 





















































two of three weather stations. The new Artificial Neural Network (ANN)-based technique provides 
the greatest benefit (reducing the RMSE by 74%) for estimating net solar radiation. The ANN had 
about the same accuracy as the lapse rate method for imputing temperature, and as the closest 
station method for imputing precipitation. 
 
The HEC-HMS precipitation-runoff simulation model was calibrated and validated for the portion 
of the Red Butte Creek Watershed that is upgradient of Red Butte Reservoir (RBR). Temperature, 
precipitation, and net radiation data for Water Year (WY) 2016 was used as calibration inputs to 
match RBC streamflow at USGS Flow Monitoring Station 10172200 (located a short distance 
upstream of RBR). For validation, data from WY 2017 were used. Modeling results agreed with 
previous reports that groundwater flow contributes significantly to stream flow upstream of RBR. 
On an annual basis, groundwater contributed about 95% of the streamflow at USGS Flow 
Monitoring Station 10172200, located just upstream of RBR. Direct runoff contributes the other 
5%. The modeled flows of 2016 and 2017 are considered as the Base Period (BP) flows for 
evapotranspiration (ET), sub-surface flow to the stream, direct runoff to the stream, and deep 
percolation (aquifer recharge). Those simulated 2016-2017 flows represent the RBC Base Scenario.  
 
To prepare for estimating the hydrologic effect of GI implementation for climate change scenarios, 
the validated RBC model was applied to four climate scenarios (CSs) that might exist by 2035-
2064, according to results of Phase 3 of the World Climate Research Programme (WCRP) Coupled 
Model Intercomparison Project (CMIP3). These CSs differ from the Base Scenario in that daily: 
CS1 temperatures increase by 1°F; CS2 temperatures increase by 6°F; CS3 precipitation increases 
by 21.5%; and CS4 precipitation decreases by 17.8 %. No other parameter values differ among 
scenarios. The Base Scenario and four CS simulations showed minor differences in the proportions 
of precipitation that would become surface water and groundwater leaving the RBC study area 
above RBR. The proportions simulated in 2016-2017 are 14 and 54%, respectively. The CS 
proportions becoming surface water were 14±1%, and the proportions becoming groundwater were 
54±3%. For the CS scenarios predicting streamflow just above RBR, the projected proportions 
derived from groundwater were 95±4.5%. 
 
Using the calibrated and validated HEC-HMS model for the RBC watershed, calibration has begun 
on the HEC-HMS water quality module. Because time series of daily water quality are not 
available at all locations of interest, available measured grab sample data are being compared to 
simulated results. So far, there is not an acceptable match between simulated and observed values. 
Calibration of the HEC-HMS water quality module is ongoing, but optimization with a support 
vector machine to develop a surrogate simulator is also being evaluated. In addition, application of 
a previously calibrated HSPF rainfall-runoff model for Salt Lake Valley is also being attempted. 
The intent is to be able to evaluate hydrologic impacts of applying GI throughout Salt Lake Valley, 
under different climate scenarios using this previously calibrated Salt Lake Valley Model. Because 
the HSPF model employed data from websites that have changed, HSPF has yet to be successfully 
run for previously prepared scenarios. 
 
Work toward quantifying aquifer recharge resulting from GI implementation has been completed 
by developing infiltration coefficients compatible with WinSLAMM runoff coefficients (Zhang 
and Peralta, 2018). Although currently applicable for a wide range of southwestern US 
precipitation and urban land use situations, the approach presented here is extensible to guide urban 
development elsewhere. The intent is to aid municipalities desiring to reduce runoff from 
precipitation while increasing aquifer recharge. Coefficient development involved using: (1) the 
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Windows version of the Source Loading and Management Model (WinSLAMM) to estimate runoff 
from precipitation in areas having green infrastructure (GI); and (2) the SCS runoff curve method 
to estimate infiltration. Computed infiltration with runoff values enables estimating the runoff 
reduction and infiltration increase due to alternative GI implementation scenarios. Figure 18 shows 
infiltration ratios related to land use for a range of rainfall depths in the Southwestern US. The 
ratios can aid in estimating aquifer recharge while improving storm water management. To address 
Advisory Committee desires, the approach was applied to a Salt Lake City residential area (Figure 
19) located near the Jordan River. In that area, the water table is near the ground surface. The 
underlying shallow aquifer primarily provides water for secondary use. This approach was 
evaluated for current land use (Table 5) and three assumed runoff control (GI) implementation 
scenarios. For this study area, Table 6 shows the infiltration and runoff for the current construction 




Figure 18. Infiltration coefficients versus rainfall depth for land uses in Southwestern US ( Zhang 




Figure 19. Study area for estimating infiltration for alternative Green Infrastructure designs  (Zhang 
and Peralta (2018), modified from Google Earth). 
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Table 6. Total runoff and infiltration results for current construction and alternative swale densities 




Managed aquifer recharge modeling progress. To address Stakeholder Advisory Committee 
priorities, draft software for designing stormwater Managed Aquifer Recharge (MAR) systems had 
been developed for recharge in shallow unconfined aquifers such as exist in valley floor near the 
Jordan River in central Salt Lake Valley.  The software allows the determination of the maximum 
injection rate and (extraction rate/injection rate) ratio, that will limit injection mounding, or the 
depth of the cone of depression during groundwater extraction for a specified site. To help achieve 
recovery of the injected stormwater, the software predicts the proportion of the injected water that  
will be extracted (Recovery Effectiveness, REN), for a specified numbers of days after injection 
begins. For a specified site and selected injection and extraction rates, Figure 20 shows that the 
REN at 153 days after injection begins is approximately 77 % assuming injection for 62 days (2 
months), followed by extraction for 3 months. REN77 is the recovery effectiveness by Day 77 after 
injection began, or Day 15 after extraction began. Figure 16 also illustrates the draft user interface 
of the software. Although conceptually similar to the software Forghani and Peralta (2018) 
developed to aid MAR for deep confined aquifers, this new software addresses the additional 
complexity of unconfined aquifers near the ground surface, conditions relevant for shallow 
infiltration by GI systems of captured stormwater. 
 
The unconfined-MAR software employs an ANN, numerical groundwater flow and contaminant 
transport models, and hydraulic analytical equations. The ANN is appropriate for the range of 
hydraulic gradients and conductivities, initial saturated thickness, initial depth to groundwater, 
aquifer porosity, and (specific yield/porosity) ratios of the unconfined aquifer in the central area of 
Salt Lake Valley. The software assumes a 6-inch diameter extraction and injection well. 
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Figure 20. Draft Graphical User Interface for software to aid MAR design in unconfined aquifers. 
 
 
Groundwater flow modeling progress. To simulate, with acceptable accuracy, groundwater 
elevations and flows resulting from neighborhood GI implementation, a new MODFLOW 
implementation, termed the HypoRBC model (Figure 21), was prepared. Specified head cells 
surround the 5-layer HypoRBC. The head values of those boundary cells come from running a 
refined version of the Salt Lake Valley groundwater model. HypoRBC has stream reaches that are 
coincident with the QUAL2KW surface water quality model being used for ecosystem services 
simulation. HypoRBC extends up RBC Canyon to just upstream of Red Butte Reservoir. Work is 
ongoing to make HypoRBC fully operational. 
 
WinSLAMM Utah site specific calibration progress for runoff and stormwater generated pollutant 
loading. WinSLAMM can estimate the pollutant loads and runoff flow volumes for a range of land 
uses and source areas. This model has been widely used for planning purposes in many areas of 
North America and has proven to be accurate in the prediction of flows and pollutant loads in many 
of these areas. It is important to note that appropriate calibration and validation with local input 
conditions are necessary to ensure representative model results (Pitt, 2003). 
 
Samples from different source areas and land uses from all over the U.S. and some locations in 
Canada were used in the original develop pollutant calibration files in WinSLAMM. The map 
shown in Figure 22 indicates, however, that most of the data were collected in the East Coast and 
the Great Lakes area, and essentially none were generated in locations hydrologically similar to the 
Salt Lake City region. 
 
WinSLAMM calculates the runoff volume and the particulate concentration for each source area 
and for each rain event. From these values it calculates suspended and dissolved pollutant 
concentrations. After calculating the parameters for each source and rain event, the program 
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Figure 22.  Sampling locations for data contained in the National Stormwater Quality Database 
showing EPA Rain Zones and general calibration set regions for WinSLAMM (Pitt, 2003). 
 
 
combines the results to determine the loadings at the outfall of the system (Pitt, 2003). To deal with 
uncertainty in the calculations, the model uses Monte Carlo simulation to express the output in 
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probabilistic terms and generates a distribution of pollutant concentrations (Pitt, 2003). To generate 
runoff volumes and pollutant loading estimates, WinSLAMM utilizes regionally specific (Figure 
22) parameter inputs that include pollutant probability distributions, particulate solids loadings, and 
runoff coefficients. The pollutant probability distribution file is used to calculate pollutant loadings. 
The runoff coefficient file is used to calculate the volume of runoff. Particulate solids concentration 
files are used in conjunction with the runoff coefficient to determine solids concentrations for each 
rain event in each source area. The files compiled from regional locations shown in Figure 18 can 
be used if it is known that they are representative of the study area. If not, new files can be created 
to adjust the values to the characteristics of a specific site (PV & Associates, 2014). The calibration 
and validation process completed in Year 3 of this study generated a number of parameter files 
specifically for use in Northern Utah site simulations. 
 
A thesis completed by Fernandez-Valesquez (2018) during Year 3 of the project period focused 
specifically on the development of a calibrated and validated WinSLAMM model for Northern 
Utah and the generation of regional specific parameter files that were then used to evaluate runoff 
and pollutant loading reductions in response to a range of GI implementation scenarios in the Red 
Butte Creek watershed. The following results are summarized from that work. 
 
To carry out this WinSLAMM calibration and validation, it is necessary to generate data for each 
of the target pollutants. From a separate iUTAH sponsored project TSS, TP, TDP, flow and 
precipitation data were collected at four sites in the Logan Utah area (Figure 23). Two of these four 










allow successful calibration of the WinSLAMM model for the Northern Utah region. Figure 24 
provides a summary of land use (residential, commercial, and institutional) and surface type (roof, 
parking, pervious, streets, sidewalks) conditions and the distribution of connected and disconnected 
impervious surfaces at these Logan, UT, sites. As indicated in Figure 24, the 800 N and 1000 N 





Figure 24. Land use and surface type distribution for Logan field sites available for WinSLAMM 
calibration for Northern Utah conditions. 
 
 
The first parameter to be calibrated is runoff coefficient because it influences every other parameter 
estimated by the model (i.e., runoff volume, suspended solids and phosphorus loadings). After 
calibrating this parameter, suspended solids calibration is next, followed by total dissolved and 
total suspended phosphorus loadings. The calibration of the model is an iterative process where 
simulated parameters are modified until all the values fall within the appropriate model 
performance ratings indicated by the statistical evaluation parameters NSE, PBIAS, RSR and R2. 
 
For model calibration, five rainfall events were available at the 800N and 1000 N sites between the 
time period of March through October 2015, with complete water quality monitoring. These rain 
events generated between 137 to 159 individually measured flow and TSS, TP and TDP samples 
available for model calibration and parameter file creation.  
 
The runoff volume predicted by WinSLAMM was compared to flow data from the monitoring 
stations at the outfalls. This comparison is shown for both the 800N and 1000N sites in Figure 25. 
The simulated values matched data from 800N quite well but underpredicted flows measured 
1000N quite significantly. To obtain a regionally valid Rv calibration set, data from both sites were 
used to find a single optimal parameter set to provide the best fit for both sites. The results of this 
regional calibration are shown in Figure 26, and indicate a compromise Rv calibration set that 















800N 1000N 1300N 1400N
Roof Parking Pervious Street Sidewalk
Area %Imp. Con % Imp. Dis %Perv
800N 52% 13% 34%
1000N 55% 9% 37%
1300N 90% - 10%
1400N 87% 4% 9%
26  
 








and 26 that the WinSLAMM model, whether calibrated or not, is unable to capture the variability 
in runoff observed at these field sites as storms occur of various intensities and durations. The Rv 
values in WinSLAMM are a function of total rainfall depth, and are not variable as a function of 
storm duration, frequency or even Antecedent Dry Days.  
 
TSS calibration was carried out once runoff coefficients were calibrated to measured data. The 
results of the TSS calibration using measured data from the two field sites are shown in Figures 27 
and 28, which display the default and calibrated TSS modeling results for 800N and 1000N, 
respectively. As indicated in these figures, TSS calibration using a combined parameter file for the 
two sites was successful in generating representative predictions of TSS load as a function of 
rainfall depth for these northern Utah sites. 
 
WinSLAMM also assumes a constant concentration of TP and TDP in runoff regardless of rainfall 
depth, and attempts to calibrate data from the two Logan, Utah, sites with this assumption were not 
successful. With successful TSS calibration of the model it was decided to utilize the predicted 
TSS loading, with observed TP/TSS and TDP/TP ratios from the field data to generate TP and TDP 
loading predictions from model predicted TSS loadings. The ratios used from these two northern 
Utah field sites were: TP/TSS = 0.0033, TDP/TP = 0.364. With these constant ratios applied to 
model predicted TSS Loading, calibrated loading results from both sites for TP and TDP are shown 
in Figure 29. As indicated in Figure 29, calibration for both parameters using this ration method 
was highly successful, and the calibration parameter set for Rv, TSS, TP and TDP were then 
applied to two field sites in the Red Butte Creek area to assess their true regionality for northern 





















































Rv obs. Rv mod.
a. b. 
a. b. 
Statistic Default Calibrated PEC
NSE -3.42 0.98 > 0.70
PBIAS -87.6 2.26 ±15
RSR 4.42 0.02 ≤ 06
R2 0.83 0.99 >.65
Statistic Default Calibrated PEC
NSE 0.22 0.0 > 0.75
PBIAS 15.68 9.60 ±10
RSR 0.78 0.67 ≤ 0.5





Figure 27. Default and combined site WinSLAMM modeled TSS loading (lb) versus rainfall depth 




Figure 28. Default and combined site WinSLAMM modeled TSS loading (lb) versus rainfall depth 







































Statistic Default Calibrated PEC
NSE -3.42 0.98 > 0.70
PBIAS -87.6 2.26 ±15
RSR 4.42 0.02 ≤ 0.6



































Statistic Default Calibrated PEC
NSE 0.74 0.81 > 0.70
PBIAS -24.56 19.50 ±15
RSR 0.26 0.19 ≤ 0.6





Figure 29. Combined site WinSLAMM modeled TP (lb) and TDP loading (lb) using the ratio 
method applied to predicted TSS loading (lb) versus rainfall depth at both Logan, Utah, sites. 
 
 
Once calibrated parameter files for runoff and pollutant loading were created, these files were used 
to evaluate flow at two sites in the Red Butte Creek watershed to further evaluate the applicability 
of northern Utah regional coefficients. Details of the evaluation procedures and results of 
application of Logan, Utah, runoff coefficients to the Red Butte area are provided by Fernandez-
Valesquez (2018). In summary, the combined Logan, Utah, site Rv files did not fit the Red Butte 
Creek site runoff patterns and Red Butte site specific Rv values had to be generated. Figure 30 
shows a Google Earth view of the two sites in the Red Butte Creek area, the Connor Road (CR) 
and the Dentistry Building (DB) sites. Figure 31 summarizes the land use distribution and surface 
type characteristics for these Red Butte sites. 
 
 








Figure 31. Land use and surface type distribution for Red Butte Creek field sites available for 
WinSLAMM calibration evaluation. 
 
 
Figures 32 and 33 show the results of the WinSLAMM Default, the Logan Site, and the individual 
Red Butte site Rv calibration effort. These figures once again indicate that the WinSLAMM model 
is not capable of capturing the variability in Rv values at these sites for a give total rainfall depth, 
and that site-specific flow calibration rather than a regional calibration set appears to be necessary 




Figure 32. WinSLAMM calibration verification at the DB site, Red Butte Creek watershed. 
 
Site CR DB
Area (acres) 101.6 86.6
Land Use Commercial
%Imp. Con 35 59







































Rv obs. Rv mod.













Rv obs. Rv mod.













Rv obs. Rv mod.







NSE -4.36 -5.99 0.28 > 0.75
PBIAS -143.45 -164.67 6.78 ±10
RSR 5.36 6.99 0.72 ≤ 0.5
R2 0.27 0.26 0.29 > 0.75
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Figure 33. WinSLAMM calibration verification at the CR site, Red Butte Creek watershed. 
 
 
Figure 34 indicates the GI implementation strategies evaluated for application at the Red Butte 
Creek watershed sites based on the level of GI investment made including 10%, 50%, and 100% of 
the connected impervious surfaces existing at the Red Butte Creek watershed sites. Street runoff 
was treated in these scenarios by grass swales, while paved parking and roof runoff was treated 
using bioinfiltration systems including vegetated parking strips and rain gardens. The site specific 
Rv coefficients were used in these model runs along with the TSS loading parameter set calibrated 





Figure 34. Various GI scenarios implemented at the Red Butte Creek sites to evaluate their 







NSE -0.29 -0.23 0.11 > 0.75
PBIAS 19.16 17.96 1.82 ±10
RSR 1.29 1.23 0.89 ≤ 0.5
R2 0.07 0.10 0.11 > 0.75












Rv obs. Rv mod.












Rv obs. Rv mod.
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When implementing GI for a small portion (10%) of the connected impervious areas, the greatest 
volume reduction (5 to 10%) was produced when roof runoff is treated, while the best solid 
loadings reduction (20 to 35%) is produced when the system is treating street runoff. For the 50% 
GI implementation scenarios, runoff reduction (35 to 40%) was similar no matter the surface 
treated. However, there was a large difference in TSS reduction with varying surfaces. 
Implementing GI for streets produced larger particulate solids reduction (≈ 28%) compared to roofs 
(5 to 8%). The percent reduction of TSS and TP estimated for the 100% scenario (55 to 70%), 
corresponded to results from other studies. However, volume reductions (75 to 80%) were much 
higher than generally reported in the literature. The benefits of GI for both the 10% and 50% 
implementation options vary depending on the surface treated, and the decision of what GI 
technique to implement depends on the reduction objectives, i.e., volume or pollutant load 
reduction.  
 
Ecosystem services modeling progress. Progress during Year 3 in the ecosystems services 
modeling area can be summarized into four parts: 1) surface water modeling, 2) coupling of 
groundwater and surface water models, 3) model calibration, and 4) stormwater management 
model runs. 
 
After the previous year’s data collection effort, two QUAL2Kw (Version 5.1) models for Red 
Butte Creek in Salt Lake Valley have been developed (Figure 35). QUAL2Kw is a one-
dimensional, quasi-dynamic model, where flow is constant with changing water quality 
concentrations over time (Chapra et al. 2012). The Red Butte Creek models simulate water quality 
conditions for a 12 km stretch from the outlet of Red Butte Reservoir to the confluence of the 
Jordan River.  The river is segmented into 86 reaches. Reach lengths vary, but average 
approximately 140 meters. The downstream portion of Red Butte Creek is channelized in a 
concrete culvert and flows underground through sections of Salt Lake City. In those sections, reach 
lengths are longer. The models simulate two periods representing spring runoff flow conditions 
(April-May 2016) and low baseflow conditions (June-July 2016). Given the fine spatial detail, the 
model timestep is 10.8 seconds, although results were evaluated on an hourly timestep that is 
comparable with measured data. Both models assume trapezoidal channels. 
 
Modeled streamflows are steady state and modeled using a mass balance of measured data. Water 
temperature, conductivity, dissolved oxygen, organic nitrogen, ammonia, nitrate, and organic 
phosphorus are all being simulated in this modeling effort.  Boundary and initial streamflow and 
water quality data are available from iUTAH long term monitoring stations (iUtah 2018).  
 
The QUAL2Kw model is currently being coupled with the MODFLOW groundwater model to 
simulate surface water-groundwater interactions from stormwater management alternatives (Figure 
36). Water surface elevations, gradients, and reach lengths defined in the QUAL2Kw surface water 
model have been matched to cell boundaries in the MODFLOW groundwater model (Figure 35).  
The orange dots in Figure 35 are the reaches defined in the QUAL2Kw model, which are located at 
the intersections of MODFLOW cells. These intersections are where data are exchanged between 
the surface water and groundwater models.  
 
Streamflows in Red Butte Creek are estimated using a mass balance to fit measured flows and thus 
are not calibrated (Figure 37). Longitudinal streamflow changes (accretions and depletions) are 
modeled as diffuse sources. Figure 38 shows a schematic of the QUAL2Kw model, with primary 





Figure 35. Model representation and data exchange points between the QUAL2K surface water and 
MODFLOW groundwater models. The orange dots are reaches in the QUAL2Kw surface water 
model and are located at the intersection of MODFLOW groundwater model cells. The inset maps 




Figure 36. Spatial representation of data and ecosystem services model flow. Surface water models 
are in red. 
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parameters is underway using the auto-calibration genetic algorithm in QUAL2Kw (Pelletier et al. 
2006). Auto-calibration provides starting parameter rates, such as for nitrification, denitrification, 
and the settling velocities of phosphorus. Von Stackelberg et al. (2014) demonstrated that this 
autocalibration of QUAL2Kw produces similar results as a lengthy stakeholder-iterated calibration 
process.  
 
The QUAL2Kw model code has been adjusted to output hourly modeled values for the water 
quality variables of interest: temperature, dissolved oxygen, conductivity, organic N, NH4, NO3, 
and organic P. MATLAB scripts have also been written to calculate calibration statistics using 
hourly observed data and the hourly modeled data from QUAL2Kw. 
 
When model calibration is complete, surface water quantity and quality changes from stormwater 
management alternatives will be estimated using the calibrated QUAL2Kw model. Green 
infrastructure alternatives have been modeled with WinSLAMM at Connor Road as discussed 
above Fernandez-Valesquez (2018). Each GI alternative provides changes in runoff and nutrient 





















distance from downstream (km)
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roofs/gardens, bioretention cells installed in parking lots, and grass swales implemented on along 
streets (Fernandez-Valesquez 2018) 
 
The WinSLAMM results will be used as input to the calibrated QUAL2Kw model to assess 
changes in downstream water quality and quantity in response to green stormwater infrastructure 
implementation (Table 7). Stormwater management alternative model runs will be presented to the 
Stakeholder Advisory Committee at a modeling workshop planned for December 2019. After 
feedback is received from the Stakeholder group, the green infrastructure implementation results 
will be upscaled to a watershed-scale by adding additional implementation areas in the QUAL2Kw 
model. The Red Butte Creek QUAL2Kw model will connect to an existing QUAL2Kw model of 
the Jordan River (Von Stackelberg et al. 2014) for a larger-scale analysis of ecosystem service 
benefits of stormwater management via green infrastructure implementation. 
 
Previous research has shown that ecosystem services from green infrastructure are discussed in 
published research, but are not often quantified (Prudencio and Null 2018).  To quantify green 
infrastructure effects on ecosystem services, changes in surface water quantity and quality metrics 
(Table 8) will be evaluated. These metrics have been chosen because water quantity is the primary 
provisioning ecosystem service of rivers, and flood attenuation is an objective of green 
infrastructure stormwater management.  Previous research suggests that changes in streamflow 
alone can improve stream temperatures and dissolved oxygen concentrations for aquatic biota 
(Elmore et al. 2016; Null et al. 2017).  Water purification benefits of green stormwater 
infrastructure have yet to be quantified at the watershed scale, thus this research will fill an existing 
research gap.  
 
 
Table 7. Preliminary stormwater management model runs to discuss with stakeholders 
Green Infrastructure Type % GI Implemented 
Connor 
Road Dentistry 
Green Roofs 10% X X 
Bioretention Cells 10% X X 
Grass Swales 10% X X 
Bioretention Cells and Grass Swales 50% X  
Green Roofs, Bioretention Cells, Grass Swales 50%  X 
Green Roofs, Bioretention Cells, Grass Swales 50% X X 
 
 
Table 8. Ecosystem services, metrics, and variables that we are quantifying with green stormwater 
infrastructure surface water model alternatives 
Ecosystem Services Metrics Variables 
Increased Summer Baseflow Increase in Streamflow (m3/s) Streamflow 
Flood Attenuation 
Flood Magnitude (m3/s), 
Duration (minutes), and Rate of 
Change (Hydrograph Slope) 
Streamflow 
Water Purification 
Pollutant Concentration (µg/L) 
And Conductivity (S/m) 
Nutrients (N And P), Specific 
Conductance, Dissolved 
Oxygen 
Climate Regulation Maximum and Maximum Average Temperature (°C) 
Stream Temperature 
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Modeling integration progress. To prepare for iterative simulations of MODFLOW, 
MODFLOW’s stream routing package (STR), and QUAL2KW, an ERQMS code in C# has been 
developed. After QUAL2KW and MODFLOW-STR have the same discretizations, ERQMS passes 
information between those two models so that both are using the same stream-aquifer seepage and 
other hydraulic stresses. This is necessary because QUAL2KW requires MODFLOW-STR 
generated seepage rates as inputs, but MODFLOW-STR computes them while simulating 
groundwater and surface water flows. QUAL2KW is used to perform surface water quality 
simulations that MODFLOW-STR cannot do.  
 
In preparation for computing mathematically optimal strategies using multiple linked simulation 
models, different optimization algorithms have been applied to groundwater management problems 
already familiar to the project modeling team. These optimization type problems have been 
previously solved using Simulation-Optimization MOdeling System (SOMOS) in courses for 
NGWA, EPA, and other entities. 
 
For example, a simple one-layer conjunctive use maximization problem having stream-aquifer 
seepage and lower bounds on streamflow and aquifer head is EX2 in the SOMOS manual (Peralta 
et al, 2001) and is in the Groundwater Optimization Handbook (Peralta and Kalwij, 2012). 
SOMOS, particle swarm optimization, and Radial Basis Function were compared with genetic 
algorithm, multi start gradient, candidate uniform, candidate SRBF, and candidate DYCORS 
algorithm. SOMOS gave the best solution and required far less computation time than the other 
algorithms evaluated in this study. 
 
For a simple one-layer groundwater problem requiring removal of one contaminant using 10 
candidate extraction wells, a genetic algorithm coupled with tabu search, particle swarm 
optimization, artificial bee colony optimization, PySOT with DYCORS, differential evolution, 
harmony search, Grey Wolf optimizer, SOMOS and simulated annealing were evaluated. Other 
than SOMOS, which might have been solving a slightly different problem, the differential 
evolution algorithm provided the best answer, but also required the most computational time. 
 
For a two-layer 2-contaminant extraction-injection groundwater contamination containment and 
cleanup problem (EX4 Scenario 1a in the SOMOS manual and in Groundwater Optimization 
Handbook), PYSOT (radial basis function) with DYCORS, Genetic Algorithm, Candidate SRBF, 
and Candidate Uniform; and Particle swarm optimization algorithms were tested. PYSOT (radial 
basis function) with Candidate SRBF provided the slightly better answer in nearly optimal solution 
time. 
 
SOMOS is also being updated to: a) use the most recent versions of MODFLOW 2005 and 
MT3DMS; b) be better suited for processing on the web (to allow the executable code to be on the 
web and to avoid the need for distributing installation packages); and c) to allow user data files to 
be placed anywhere the user wishes.   
 
E. 3. Social science research. Results from the online survey provided a more representative 
snapshot of the degrees to which different GI stormwater systems have been deployed in Utah 
municipalities than the initial Key Informant survey. Roughly 90% of cities use vegetated extended 
detention basins, while two thirds had some examples of distributed surface and subsurface storage 
and infiltration systems.  By contrast, less than 10% had any instances of deep dry wells to capture 
and store stormwater, and only 14 to 19% had any examples of permeable pavement, green roofs, 
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or rain barrel project in their city.  Perceptions of the effectiveness of these different systems for 
managing flooding, protecting surface water quality, and recharging aquifers were largely 
consistent findings in the 2017 Key Informant interviews – although there were higher degrees of 
skepticism about the viability and effectiveness of both surface and subsurface infiltration systems 
(less than half felt they were very or extremely effective).  Perceptions of the effectiveness of deep 
dry well technologies were very negative. The perceived advantages of different GI systems were 
also documented.  Results are shown in Figure 39 below.  Findings suggest that traditional 
detention basins are viewed as relatively advantageous based on lower costs, less engineering 
complexity, and greater suitability for local soil/groundwater conditions.  However, the large land 
requirements for these systems were identified as a major disadvantage.  Distributed surface 
storage and infiltration (bioswales, rain gardens, etc.) were seen as relatively cost-competitive, 
required less land, and were seen as most compatible with state stormwater management rules.  
Subsurface storage and infiltration was seen as offering major benefits through reduced land 
requirements and greater acceptability to local residents, political leaders, and developers, but were 




Figure 39. Perceived advantages and disadvantages of different stormwater GI technologies from 
on-line survey results. 
 
 
When asked what stormwater systems they preferred, Utah stormwater managers were unlikely to 
identify ‘green’ infrastructure solutions as practical or effective in most urban situations (see Figure 
40 below).  Traditional ‘grey’ stormwater pipes and centralized detention basins remained the 
systems of choice for all urban settings though installation of surface storage/infiltration systems 
were also welcomed on public buildings and facilities, and both surface and subsurface 
storage/infiltration options were seen as the best option for private developments by significant 




Figure 40. Perceived applicability and practicality of stormwater GI technologies in different 
development scenarios from on-line survey results. 
 
 
Finally, the online survey improved the understanding of the underlying motivations for 
implementation of green infrastructure across typical Utah municipalities.  Consistent with the 
interviews, the most pressing ‘problem’ related to stormwater in each city was the challenge of 
remaining in compliance with state stormwater permit regulations.  A lack of staff, funding, and 
information about regulations were identified as significant challenges and obstacles in roughly 
80% of cities.  A lack of data on stormwater GI BMP performance in their area, and difficulty 
obtaining approval from local officials to spend money on GI was reported by roughly half of the 
cities.  By contrast, relatively few cities reported awareness of local problems with flooding from 
stormwater (40%), or documented impacts of stormwater on water quality in surface water (33%) 
or groundwater (10%).  This suggests that motivations for use of GI relate more to perceptions of 
regulatory and political requirements, than responses to locally experienced environmental or 
economic impacts from poor stormwater management.  Overall, the interviews and surveys suggest 
that policy is less of a barrier to the use of GI than a driver of GI use (albeit one that is accepted 
reluctantly in most cities). A lack of resources (staff and funding) is a key issue, and while most 
respondents are familiar with GI options, many remain uncertain or unconvinced of their 
effectiveness in their specific situations.  There was considerable doubt that surface or subsurface 
storage/infiltration systems would work well across much of their jurisdiction due to shallow 
groundwater or drinking water protection zones. 
 
Results from the household interviews are still being compiled, but demonstrate a relatively low 
level of awareness of how stormwater is handled in each study neighborhood.  In cases where the 
household was aware of the specific approach, it was found that multiple instances of frustration 
with the performance of surface storage and infiltration approaches were linked to poor engineering 
designs and/or maintenance.  In one city where subsurface storage and infiltration was installed 
along neighborhood roadways, residents were largely ignorant of the existence of this technology, 
but were very satisfied with the performance of the system. 
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E. 4. Key Findings 
 
Research Component 1 – Based on existing MAR/GI system monitoring that has taken place 
during Years 1, 2 and 3, a wide range of pollutant concentrations result when data from a range of 
rainfall events are combined even at a specific site. Disaggregation of these data will continue to be 
carried out in Year 4 to evaluate potential relationships between pollutant concentrations and 
rainfall event return periods. For the two sites treating primarily pavement runoff (300 East and the 
Early Childhood Education Building, USU, in Logan), overlapping 95% Confidence Intervals of 
measured runoff pollutant concentrations during Year 3 showed differences between these sites 
only for TP and Pb, with statistically higher values observed at the 300 E site. 
 
Monitoring of pollutant generation from various roof materials (flat membrane roof, pitched PV 
and metal roofs and a newly monitored green roof) confirmed high lead and aluminum 
concentration in runoff from the membrane roof associated with its roof drain piping. This was 
confirmed from rain water samples collected on the roof of the Engineering Building which 
showed lead concentrations below its method detection limit, and aluminum at concentrations 50 
times lower than observed in the roof runoff. The green roof was shown to perform well compared 
to the other roof materials, with lower runoff concentrations for TDN, TP, NH3-N, Al, Cr, Cu, Cd, 
and Pb than the Membrane Roof system. 
 
Finally, many of the MAR/GI systems being monitored appear to continue to be releasing 
contaminants to underlying soils. The 300 East bioswale continues to release dissolved solids as 
indicated by elevated EC values, and continues to be a net producer of low concentrations of 
dissolved Zn, As, and Pb. The vegetated parking strip at the Early Childhood Education building 
showed increasing concentrations of TN, TDN, NO3-N, Cr, Ni, Cu, and As with depth. Finally, 
significant removal of some nutrients and metals were observed through the dry well treating 
membrane roof runoff despite no pre-treatment of roof drainage prior to infiltration in the dry well. 
Unlike observations from Year 2 sampling, however, release of TDN, NO3-N, Cr, Fe, As, and Cd 
were evident from the Dry Well during Year 3 of the study. The concentration of As below the Dry 
Well, although increasing, remains very low at 0.6 µg/L, as is the case with both Cr and Cd, whose 
concentrations remain below 1 µg/L. This change in pollutant removal performance from Year 2 to 
Year 3 is of concern in this Dry Well and this system will continue to be monitoring during the 
Spring of 2019. 
 
Research Component 2 – To support precipitation-runoff modeling, an Artificial Neural Network 
(ANN) based methodology was developed for imputing missing weather data values. By achieving 
approximately 26% of the root mean square error (RMSE) of a standard imputation method, the 
ANN-based technique provided over 300% improvement in accuracy of imputing net radiation. 
Interestingly, the ANN-based method did not offer a significant advantage over standard methods 
for estimating daily average temperature and daily precipitation, however. 
 
Precipitation-runoff simulation of the Red Butte Creek (RBC) Watershed above Red Butte 
Reservoir (RBR) using HEC-HMS indicates that most precipitation infiltrates and contributes to 
groundwater flow. Simulations also reaffirm that most Red Butte Creek streamflow is hyporheic 
and comes from groundwater. In Water Years 2016 and 2017, 95% of RBC streamflow just above 




For Water Years 2016 and 2017 and for four Climate Scenarios (CSs), simulations showed minor 
differences in the proportions of precipitation that would become surface water and groundwater 
leaving the RBC study area above the RBR. The proportions simulated in 2016 and 2017 are 14 
and 54%, respectively. The CS precipitation proportions becoming surface water were 14 ±1%, and 
the precipitation proportions becoming groundwater were 54±3%. In the CS scenarios, of 
streamflow just above RBR, the projected proportions derived from groundwater were 95±4.5%.  
Simulations predict that all three GI designs would substantially reduce the runoff volume and 
increase the infiltration volume within the existing developed area. If runoff from roofs and 
sidewalks drain to a pervious area, the runoff volume is predicted to decrease by 57.5% and 
infiltration to increase by 17.5%. A swale density of 170 ft/ac (128.0 m/ha) would be required to 
achieve the same runoff decrease, but that would increase infiltration by 72.6%. Routing runoff 
from roofs, sidewalks, and streets to swales could potentially provide much more aquifer recharge 
than routing roofs and sidewalks runoff to a pervious area. Replacing existing sidewalks with 
permeable pavements would reduce total runoff volume by 26.5% (the permeable pavement would 
produce no runoff and would increase infiltration by 44%). A combination of GI techniques could 
more effectively reduce runoff and increase infiltration than using only one of the GI practices. 
 
To complement use of WinSLAMM, infiltration coefficients were developed for a range of rainfall 
values and different land uses. These infiltration ratios can aid integrating storm water management 
with aquifer water table and recharge management. Infiltration ratios can aid in estimating the 
impact of different land use structures on soil moisture and groundwater recharge. Urban 
construction and land use decision-makers can use infiltration ratios to address multiple water-
management goals. To illustrate the practical application of these values, runoff reduction and 
infiltration increase were estimated for an existing Salt Lake City residential area using three GI 
scenarios. 
 
Research Component 3 – Results of the on-line survey confirmed that there are serious social, 
political, and legal obstacles to using deep dry wells as a means to recover stormwater through 
managed recharge to deep aquifers. There is more receptiveness (and fewer concerns) about 
approaches that rely on infiltration and recharge of shallow (non-culinary) aquifers, with some 
preference for subsurface storage/infiltration systems as being more acceptable to local residents, 
developers, and politicians (perhaps because these save land for development and are out of sight). 
Results from the household surveys demonstrated that individual residents are largely unaware of 
how stormwater is handled in their neighborhoods. In cases where GI has been deployed, 
subsurface storage/infiltration was well regarded, while surface storage/infiltration systems had a 
more uneven track record (mainly because of poor design, implementation or maintenance). 
 
F. Planned Activities for the Subsequent Reporting Period 
 
F. 1. MAR/GI system monitoring. Laboratory analysis of samples collected from the Green 
Meadows field demonstration site in the Fall of 2018 will be completed and data reduction will 
continue to allow comparison of the performance of GI/MAR systems as a function of vegetation 
type, Antecedent Dry Days and pollutant loading. Additional membrane, PV, metal and green roof 
runoff samples and dry well samples treating the membrane roof will be collected during Year 4 to 
continue to complete the data collection effort generating source term information for this range of 
roof systems and to evaluate the long term efficiency of dry wells for treatment of roof runoff. In 
addition, disaggregation of pollutant loading data from the field sites will continue to explore 
relationships between pollutant concentrations and storm intensity and duration using rainfall data 
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available from each of the field sites. If pollutant load versus storm return period relationships can 
be developed, improvements can be made to rainfall runoff inputs to the integrated modeling effort. 
 
F. 2. Integrated system modeling. Using the HSPF model, additional alternative climate scenarios 
will be simulated to determine the sensitivity predicted groundwater resource impacts to a wide 
range of future climate conditions. In the groundwater modeling arena, the following activities are 
planned for Year 4 of the project: a) an update of the modified USGS Salt Lake Valley 
MODFLOW model to include appropriate boundary conditions for Years 2014 through 2017; b) 
refinement of the Salt Lake Valley MODFLOW model with a uniform 308 ft x 308 ft grid. c) 
removal of specified recharge cells existing in the SLV MODFLOW; d) transferring transient 
heads from the refined SLC MODFLOW model to the HypoRBC boundary cells; e) addition of the 
surface water routing, SFR, and lake, LAK, packages to the HypoRBC model; f) addition of the 
unsaturated zone flow, UZF, package to HypoRBC; g) and automation of the process of using SLV 
MODFLOW refined heads as HypoRBC boundary conditions. 
 
Concerning the GUI as part of the MAR modeling software package, the following will take place 
during Year 4 of the project: a) revision of the main window for improved clarity and user 
friendliness; b) addition of windows to provide theoretical and procedural details of determining 
MAR well recovery effectiveness (REN); c) addition of the option to use both metric and US 
measurement units; d) addition of a button to allow MODFLOW and MT3DMS model 
computation of REN; and e) addition of the ability to estimate the equivalent turf area that could be 
irrigated with the evaluated MAR strategy. Koop et al. (2013) describe turf irrigation guidelines for 
Salt Lake Valley and will be used for this aspect of the MAR modeling package. 
 
Activities related to the Year 4 ecosystem services component of project integrated systems 
modeling includes: 1) finalizing integration of groundwater and surface water modeling efforts, 2) 
finalizing calibration and validation of models, 3) completing the stormwater management model 
runs described above, and 4) continued stakeholder engagement as described in Section F.3 below.  
 
The application of WinSLAMM to the much larger (25 square mile), much more diverse land use 
area in the Salt Lake watershed discharging to the Jordan River will be carried out during Year 4 
using a range of calibrated WinSLAMM runoff and pollutant loading parameter sets generated 
from the Logan and Red Butte Creek calibration and validation effort. These WinSLAMM 
generated runoff and pollutant loading outputs will then be used to assess changes expected from 
MAR/GI implementation strategies in the full Red Butte Creek drainage, and in the central valley 
simulations to be carried out during Year 4 of the project. These WinSLAMM generated 
runoff/pollutant load changes will then be used to determine vadose zone model inputs that feed 
into groundwater and surface water models described above. 
 
F. 3. Social science research. A Stakeholder Advisory meeting is scheduled for December 10, 
2018, and is designed to be a ½ day participatory modeling workshop retreat. This meeting will 
serve as a workshop opportunity where stakeholders will complete a tutorial exercise and receive a 
hands-on opportunity to explore the capabilities of the draft integrated systems models. The 
stormwater management model runs outlined in Table 2 will be described and discussed at this 
meeting and interaction with Advisory Committee members will aid in identifying a set of feasible 




A final workshop/presentation in the summer of 2019 will be organized to share the final model 
simulations with the SAC as well as a broader group of stormwater managers from Utah 
municipalities. Finally, analysis of the various social science data will be completed and a research 
manuscript for peer review will be prepared for publication. 
 
G. Publications 
Two referred manuscripts have been published as a result of the completion of project activities. 
The manuscript has been published in Environmental Research Letters, and has the citation 
information as follows: 
 
Prudencio, L., and S.E. Null. 2018. Stormwater Management and Ecosystem Services: A Review. 
Environmental Research Letters, 13(3): 033002.  DOI: 10.1088/1748-9326/aaa81a. 
 
Zhang J. and R.C. Peralta. 2018. Estimating infiltration increase and runoff reduction due to green 
infrastructure. Journal of Water and Climate Change. IWA Publishing. In press. 6 p. 
 
The following thesis is in final preparation based on data analysis and modeling that supports the 
objectives of this project: 
 
Fernandez-Valesquez, R.A. 2018. Application of WinSLAMM to Evaluate the Effect of Green 
Infrastructure Implementation in Northern Utah. A thesis submitted in partial fulfillment of the 
requirements for the degree of Master of Science in Environmental Engineering, Utah State 
University, Logan, UT.  
 
A number of conference presentations and posters have also been completed during Year 3 of the 
project period by the project team, and citations for these are listed below. 
 
Dupont, R.R. 2018. The Grey to Green Infrastructure Transition - An Historical Shift In the 
Modern Infrastructure Paradigm. Presented to the Intermountain Sustainability Summit, Weber 
State University, Ogden, UT. March 1. 
Dupont, R.R., J. Richardson, D. Willey, R. Fernandez. 2017. Stormwater contribution to organic 
loading to the Lower Jordan River, Who Would have Known? Presented to the Salt Lake 
County Watershed Symposium, West Valley City, UT. November 15-16. 
Dupont, R.R., J. Richardson, D. Willey. 2018. Stormwater Impacts to an Urban River in the 
Intermountain West: the Use of Continuous Monitoring Datasets. 2018. Presented at the 111th 
Air and Waste Management Association Annual Conference and Exhibit, June 25 to 28, 
Hartford, CT. Paper #410122, Sustainability Metrics, Initiatives, and Analytics session. 
Dupont, R.R., J. Richardson, D. Willey. 2018. Demonstrating the Pollutant Loading from 
Stormwater Discharge to an Urban River in the Intermountain West Using High-Frequency 
Data. Manuscript of platform presentation at the 2018 StormCon Conference, Denver, CO, 
August 14, 2018. 
Fernandez, R. 2017. Green versus Grey Infrastructure Costs. Presented to the Utah Section of the 
American Public Works Association, Sandy, UT. October 3. 
Jackson-Smith, D. and E. Fairchild. 2018. Greening Cities in the Semi-Arid West: Social, 
Institutional, and Political Drivers of Stormwater Green Infrastructure in Utah.  Presented to 
the International Symposium on Society and Resource Management, Snowbird, Utah, June 20. 
Limbu, S.B., and R.C. Peralta. 2017. Estimating Canyon Contribution to Salt Lake Valley Surface 
Water Flow and Groundwater Flow: Red Butte Watershed Case Study. Presented to the Utah 
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Section of the American Public Works Association, Sandy, UT. October 3. 
Masoudiashtiani, S. and R.C. Peralta. 2017. Befitting location of an injection well recharging Salt 
Lake Valley Groundwater in the Red Butte Creek watershed. Presented to the Utah Section of 
the American Public Works Association, Sandy, UT. October 3. 
Prudencio, L., S.E. Null. 2017. Calling All Collaborators: Robust Decision-Making & Climate 
Adaptation. Presented to the Salt Lake County Watershed Symposium, West Valley City, UT. 
November 15-16. 
Prudencio, L., S.E. Null. 2018. Simulating the effects of green stormwater infrastructure on surface 
water and ecosystem services in Salt Lake Valley (poster). Presented at the Utah State 
University Spring Runoff Conference. Logan, UT.  March 27. 
Rife, T., RR. Dupont, Joan McLean. 2017. Evaluation of Bioretention Media Performance at Salt 
Lake Public Utility Site (poster). Presented to the Salt Lake County Watershed Symposium, 
West Valley City, UT. November 15-16. 
 
Upcoming presentations and posters: 
 
Fernandez-Velasquez, R., R.R. Dupont. 2018. Modeling the Effect of GI Implementation In the 
Red Butte Creek Area, The Case for ”Not All GI is Created Equal.” Presented to the Salt Lake 
County Watershed Symposium, West Valley City, UT. November 14-15. 
 
Copies of the submitted manuscripts and all poster and platform presentations will be submitted to 




Chapra, S., Pelletier, G., and Tao, H. 2012. QUAL2K: A Modeling Framework for Simulating River 
and Stream Water Quality (Version 2.12). Documentation and Users Manual. 
Elmore, L., S.E. Null, N. Mouzon. 2016. Effects of environmental water transfers on stream 
temperatures. River Research and Applications 32(7). DOI: 10.1002/rra.2994. 
Fernandez-Valesquez, R.A. 2018. Application of WinSLAMM to Evaluate the Effect of Green 
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